In the present study, we sequenced the complete mitochondrial genome (mitogenome) of Agrius convolvuli (Lepidoptera: Sphingidae) and compared it to previously sequenced lepidopteran species. The mitogenome was a circular molecule 15 349 base pairs (bp) long, containing 37 genes. The order and orientation of A.
Introduction
The sweet potato hornworm, Agrius convolvuli (Lepidoptera: Sphingidae) is a well-known pest that is widely distributed in Asia, Africa, and Europe (Wen 2004) . It is harmful to many economically important plants, such as Dioscorea esculenta, Ipomoea pes-caprae, I. aquatica, and so on (Li et al. 2005; Lin & Wu 2002) . Several studies are available on the biological characteristics and chemical prevention of A.
convolvuli (Lin & Wu 2002; Wen 2004) , whereas, literature is scarce on the complete mitochondrial genome (mitogenome) of this species. This study aims to determine the mitochondrial genome of this species in the hope that it will further aid studies on the biological characteristics and chemical prevention of this pest species.
Animal mitochondrial DNA (mtDNA) generally constitutes 14-19 kb circular DNA molecules, and contains 13 protein-coding genes (PCGs: atp6, atp8, cox1, cox2, cox3, cob, nad1, nad2, nad3, nad4, nad5, nad6 , and nad4L), 22 transfer RNA (tRNA) genes, and two ribosomal RNA (rRNA) genes (rrnL and rrnS) (Boore 1999; Dai et al. 2013) . Additionally, mtDNA contains at least one variable sequence approximately 1 kb in size, known as the adenine (A) + thymine (T)-rich region (Kim et al. 2009 ). The mtDNA is maternally inherited and is subject to little, if any, sequence recombination, and is therefore useful for identifying species and characterizing population genetic structure and molecular evolution (Chen & Sun 2015; Sun et al. 2012) .
The order Lepidoptera is one of the largest insect orders and includes greater than 160 000 described species that are classified into 45-48 superfamilies (Hao et al. 2012) . Sphingidae is one of the most diverse superfamilies, and contains 203 genera and 1348 species distributed worldwide. Despite this enormous species diversity, only two complete mitogenomes are available in GenBank (Table 1) (Cameron & Whiting 2009 ). Newly accessible Lepidoptera mitogenomes will provide further insight into our understanding of evolutionary relationships between these species. In this study, polymerase chain reaction (PCR) amplification and DNA sequencing methods were used to determine the mitogenome of A. convolvuli. Moreover, phylogenetic analyses D r a f t 4 were performed using the maximum likelihood (ML) and Bayesian inference (BI) methods based on the mitogenome sequences from various lepidopteran species.
Experimental Section

Sample Collection and DNA Extraction
The A. convolvuli larvae were collected from Hefei city, China. Our study generalized the species and did not account for variation within the species. The collected specimens were identified as A. convolvuli, preserved in 100% ethanol, and stored at −80 °C. Total genomic DNA was extracted from single specimens using the Takara Genomic DNA Extraction Kit, according to the manufacturer's instructions (Takara Co.; Dalian, China). The quality of DNA was examined by 1% agarose gel electrophoresis (w/v) and used to amplify the complete mitogenome of A. convolvuli.
PCR Amplification, Cloning, and Sequencing
To amplify the A. convolvuli mitogenome, nine pairs of primers were designed from full-length mitogenome sequences of several lepidopteran species and then synthesized (Beijing Sunbiotech Co., Ltd.; Beijing, China) ( Table 2 ). All PCRs were performed in 50 µL reaction volumes, which contained 25 µL PCR Master mix (2 ×; Aidlab Co.; Beijing, China), 1.5 µL extracted DNA as a template, 2 µL of each primer (10 µM), and 19.5 µL sterilized distilled water. The PCR was performed under the following conditions: an initial denaturation for 4 min at 95 °C followed by 35 cycles of 30 s at 95 °C, 40 s at 46-58 °C (depending on the primer combination), 1-3 min (depending on the putative length of the fragments) at 72 °C, and a 10 min final extension at 72 °C. D r a f t 5 China).
Sequence Assembly and Gene Annotation
The mtDNA final consensus sequence was assembled using the SeqMan II program from the Lasergene software package (DNASTAR Inc.; Madison, USA).
Sequence annotation was performed using online blast tools from NCBI 
Phylogenetic Analysis
To reconstruct the phylogenetic relationship among lepidopterans, the PCG nucleotide sequences of the 13 lepidopteran mitogenome were initially aligned (1 from this study and 12 downloaded from GenBank) using Clustal X with default gap penalties and then concatenated. In addition, the mitogenomes of Drosophila D r a f t incompta (NC_025936) and Anopheles gambiae (NC_002084) were selected as outgroups (Beard et al. 1993; Re et al. 2014) . Two analytical approaches, ML and BI, were used to infer phylogenetic trees. The ML analyses were used to infer phylogenetic trees with 1000 bootstrap replicates. Substitution model selection was also conducted based on the lowest Bayesian information criterion scores using MEGA 5.0. The mtREV24 + G + F model was the appropriate model for the amino acid sequence dataset.
Results
Genome Organization and Base Composition
The length of the A. convolvuli complete mitogenome was 15 349 base pairs (bp),
containing an entire set of 13 PCGs, 22 tRNA genes, 2 rRNA genes, and a major non-coding region known as the A + T-rich region ( Figure 1 and Table 3 ). The heavy strand (H-strand) encoded more genes (9 PCGs and 14 tRNAs) than the light strand (L-strand) that encoded 4 PCGs, 8 tRNAs, and 2 rRNAs. The order of the genes and the orientation of the A. convolvuli mitogenome were identical to completely sequenced lepidopteran mitogenomes of other species, in the order of trnM-trnI-trnQ, which was different from the ancestral order of trnI-trnQ-trnM (Boore et al. 1998 ).
The entire mitogenome of A. convolvuli was biased towards using A and T, with an A + T content of 81.49%. The AT skew for the majority strand was -0.001, while the GC skew was -0.169, referring to the occurrence of more Ts than As and more Cs than Gs.
Overlapping and Intergenic Spacer Regions
The A. convolvuli mitogenome contained 26 bp gene overlaps in total at 9 locations. Additionally, the longest overlap of eight bp was located between trnW and trnC (Table 3) .
Agrius convolvuli contained 212 bp intergenic spacer sequences in mtDNA in total. The intergenic spacers were spread over 18 regions, ranging in size from 1 to 53 D r a f t 7 bp (Table 3 ). The longest spacer was located between trnQ and nad2. In addition, the spacer region between trnS2 (UCN) and nad1 contained an 'ATACTAA' motif.
Protein-Coding Genes
A total of 13 PCGs were identified in A. convolvuli, with a length of 11 095 bp.
All PCGs started with the canonical putative initiation codon ATN, except for the cox1 gene, which had CGA as the start codon. Ten of the thirteen PCGs had TAA termination codons; while cox1, cox2, and nad4 terminated with a single T. The complete nucleotide sequences of six lepidopteran species were downloaded from GenBank to illustrate codon usage among lepidopterans. These species (four species belonging to Bombycoidea and one each from Pyraloidea and Papilionoidea) were examined and the results revealed that Asn, Ile, Leu2, Lys, Phe, and Tyr were the most frequently used amino acids (Figure 2 ). There were at least 7 codon families with no less than 60 codons per thousand codons (Asn, Ile, Leu2, Lys, Met, Phe, and Tyr) , and 2 families with at least 90 codons per thousand codons (Ile and Phe) that were observed in the 6 insect species (Table 4) Figure S1 ).
The A + T-rich Region
The A + T-rich region of A. convolvuli extended over 331 bp (15 019 
Phylogenetic Analyses
To reconstruct the phylogenetic relationship among lepidopteran insects, the nucleotide sequences of the 13 PCGs were firstly aligned and then concatenated. The phylogenetic analyses showed that A. convolvuli have a close relationship to M. sexta and Sphinx morio that was well supported by both the ML and BI analyses (Figures 6A & 6B) . Within the Pyraloidea, P. nepenthes and C. nephalonica form a separate but lower-supported lineage from both ML and BI analyses. Agrius convolvuli was within the family Sphingidae (Bombycoidea) and clustered with other superfamilies, including the Noctuoidea, Pyraloidea, Papilionoidea, and Tortricoidea. Additionally, Bombycoidea was closer to Noctuoidea than any other superfamily.
Discussion
In the present study, we sequenced and determined the complete mitochondrial genome of A. convolvuli, based on the primers designed from previously known mitogenome of lepidopterans. The mitochondrial genome structure of A. convolvuli
was typical of other known insect mitogenomes, with a similar arrangement and order of genes. This was particularly true in the arrangement of trnM-trnI-trnQ, which is different from the ancestral order of trnI-trnQ-trnM (Boore et al. 1998) . Lavrov et al. (1999) found that the placement of trnM might therefore represent a molecular feature exclusive to lepidopteran mtDNAs. The H-strand was found biased to the distribution of genes, and rRNA only resided on the L-strand (Figure 1 and Table 3 ). The mitogenome of six lepidopteran species representing four lepidopteran superfamilies (Bombycoidea, Noctuoidea, Pyraloidea, and Tortricoidea) were downloaded and used for comparison with the A. convolvuli mitogenome ( Liu et al. 2012; Salvato et al. 2008; Shi et al. 2013; Wang et al. 2014) . The AT skew for the majority strand was -0.001, while the GC skew was -0.169, indicating the occurrence of more Ts than As and more Cs than Gs.
The A. convolvuli mitogenome contained 26 bp gene overlaps in total at 9 locations. Additionally, the largest eight bp was located between trnW and trnC (Table 3 ). This was similar to A. yamamai and Bombyx mori strain H9, while A.
selene had a 16 bp long overlap ( Dai et al. 2013; Kim et al. 2009; Liu et al. 2012) . et al. 2008; Hong et al. 2009; Salvato et al. 2008) . Furthermore, the 'ATACTAA' motif, between trnS2 (UCN) and nad1, was a conserved region and widely documented in most lepidopteran mtDNAs ( Figure S2 ) (Liu et al. 2008; Timmermans et al. 2014; Zhu et al. 2013) . This seven bp motif was possibly 
2010).
The phylogenetic analyses showed that Bombycoidea was phylogenetically closer to Noctuoidea. These phylogenetic relationships were consistent with previously documented studies of lepidopterans (Jiang et al. 2009; Kawahara et al. 2009; Liao et al. 2010) . We concluded from the present study that more research on the diverse Lepidoptera species is needed, to be able to understand better the relationships among them. 
D r a f t
Alignment of the intergenic spacer region between trnS2 (UCN) and ND1 of lepidopteran insects. The shaded 'ATACTAA' motif was conserved across the Lepidoptera order.
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